We demonstrate a tunable terahertz quantum cascade laser using an abutted silicon lens and grating feedback. The device tunes discontinuously over 160 GHz with a center frequency of 4.4 THz.
Introduction
Frequency tunable THz quantum-cascade lasers (QCLs) are desirable as sources for spectroscopy, imaging, and local oscillators allowing the same receiver to measure the emission from many gasses [1] . A broad tuning range is expected from these devices due to the large gain bandwidth (>0.5 THz) observed in Fabry-Perot devices. Furthermore, this bandwidth can be enhanced by engineering the quantum cascade structure to have gain at multiple wavelengths, as demonstrated in tunable mid-infrared QCLs [2] . External cavity QCLs (EC-QCLs) at THz frequencies have been demonstrated using a semi-insulating surface plasmon (SISP) waveguide with one of the cleaved facets anti-reflection (AR) coated with a λ/4 SiO 2 layer with a closely spaced metal mirror for external feedback [3] . Since the external mirror is not frequency selective, the tuning is largely restricted to within a free spectral range of the external cavity (~15 GHz) before mode hopping occurs. For broadband tuning, a grating must be used. However, a large area of the grating must be illuminated for high reflection efficiency, necessitating the use of external optics to collimate the beam. Furthermore, due to cryogenic operation, placement of the grating cannot be close to the device which further necessitates collimating optics. Limitations on the optics result from requirement to efficiently couple the light reflected from the grating back into the optical mode of the SISP waveguide which has a lateral extent of approximately one freespace wavelength. This requires fast optics (<f/1) with low aberration and low optical losses.
In this paper we present an SISP waveguide EC-QCL with an optically-coupled silicon hyperhemispherical lens and an external Littrow grating for optical feedback, shown in Fig. 1 . The QCL is a resonant-phonon depopulation design and is 10 µm-thick, 100 µm-wide, and 1.5 mm-long. Since the aperture of the waveguide is "immersed" in silicon, the wavelength is reduce by a factor of the index of refraction (n~3.4), allowing slower optics and making the setup less sensitive to aberrations. The lens also provides a good index match to the GaAs/AlGaAs active region and GaAs substrate (n~3.6) which results in suppression of lasing in the absence of external feedback. The hyperhemispherical lens design collimates the emitted beam and is anti-reflection coated using a λ/4 layer of low density polyethylene. An echelle grating blazed for a wavelength of 118 μm is operated in the 2 nd order in Littrow configuration with has a calculated reflectivity of ~40% at the lasing wavelength of 70 μm. The laser output is taken from the opposite cleaved facet.
The frequency tuning results of the device are shown Fig. 2 operating with 400 ns pulses for an overall duty cycle of 2%, at 30K the temperature of a closed cycle pulse tube cryorefrigerator. The total tuning range is 160 GHz with a center frequency of 4.4 THz for a total tuning range of 3.6%. However frequency hopping is observed between the longitudinal modes of the device spaced at 26 GHz (n eff =3.84). Even though lasing is suppressed in the absence of feedback, it is likely that the lens does not provide a perfect anti-reflection coating due to mismatch of the optical mode and/or small gaps between the lens and the device. Improved tuning bandwidth and continuous tuning should be possible with the addition of stronger, more frequency selective optical feedback. Future devices based on the EC-QCL such as amplifiers are possible based on the lens-coupled design. 
